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Rotational evolution of magnetars in the presence of a fallback disk
H. Tong1, W. Wang2, X. W. Liu3, R. X. Xu4
ABSTRACT
Magnetars may have strong surface dipole field. Observationally, two magnetars may
have passive fallback disks. In the presence of a fallback disk, the rotational evolution of
magnetars may be changed. In the self-similar fallback disk model, it is found that: (1)
When the disk mass is significantly smaller than 10−6M⊙, the magnetar is unaffected
by the fallback disk and it will be a normal magnetar. (2) When the disk mass is large,
but the magnetar’s surface dipole field is about or below 1014G, the magnetar will also
be a normal magnetar. A magnetar plus a passive fallback disk system is expected.
This may correspond to the observations of magnetars 4U 0142+61, and 1E 2259+586.
(3) When the disk mass is large, and the magnetar’s surface dipole field is as high
as 4 × 1015G, the magnetar will evolve from the ejector phase to the propeller phase,
and then enter rotational equilibrium. The magnetar will be slowed down quickly in
the propeller phase. The final rotational period can be as high 2 × 104 s. This may
correspond to the super-slow magnetar in the supernova remnant RCW 103. Therefore,
the three kinds of magnetars can be understood in a unified way.
Subject headings: accretion, stars: magnetar, pulsars: individual (1E 161348−5055; 4U
0142+61)
1. Introduction
Magnetars are supposed to be neutron stars powered by their strong magnetic field (Duncan &
Thompson 1992). Observationally, they can have X-ray luminosity as high as 1035 erg s−1, rotational
period in the range of 2 to 12 seconds. Their period derivative can be as high as 10−11 s s−1. This
may be due to their strong surface dipole field, which may lie in the range of 1014−1015G (Olausen
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& Kaspi 2014). The multipole field of magnetars can be even higher than their surface dipole
field. The release of magnetic energy powers both the bursts (including giant flares), and persistent
emissions of magnetars (Beloborodov 2009; Vigano et al. 2013). Previously, two magnetars 4U
0142+61 and 1E 2259+586 are found to have relatively low surface dipole field compared with
other normal magnetars1. Incidentally, these two magnetars are also found to have passive fallback
disks (Wang et al. 2006; Kaplan et al. 2009). A disk may be formed when some of the supernova
ejecta material fall onto the central compact star, i.e. a fallback disk (Perna et al. 2014). If the
disk mass is negligibly small, then the central star can be said to have no fallback disk.
Recently, the central compact object (CCO) in supernova remnant RCW 103 is found to be
a magnetar (D’Ai et al. 2016; Rea et al. 2016). The magnetar-like burst, outburst, and transient
hard X-ray emissions all resemble those of classical magnetars (Rea & Esposito 2011). However,
this magnetar (1E 161348−5055) may have a rotational period of 6.6 hours (De Luca et al. 2006).
The most recent observations also point to a rotational origin for this very long period (D’Ai et al.
2016; Rea et al. 2016). This super-slow magnetar may be spun-down by additional torques from
a fallback disk (De Luca et al. 2006; Li 2007; Rea et al. 2016). However, no detailed calculations
are available at present2. Furthermore, it is still unknown how to understand in a unified way the
three different kinds of magnetars at present: normal magnetars, magnetars with passive fallback
disks, and the super-slow magnetar with a rotational period of 6.6 hours.
In this paper, the rotational evolution of magnetars in the presence of a fallback disk is calcu-
lated. It is found that the three different kinds of magnetars can by understood together in terms
of a different combination of fallback disk mass and magnetic dipole field.
2. Rotational evolution of magnetars in the presence of a fallback disk
2.1. Description of the fallback disk model
One aspect of the fallback disk model is to explain the persistent X-ray and timing observations
of magnetars. In previous fallback disk models (Chatterjee et al. 2000; Alpar 2001; Benli & Ertan
2016), the central star is a normal neutron star with surface magnetic dipole field of 1012 − 1013G.
The accretion from the fallback disk provides both the X-ray luminosity and spin-down torque of
the neutron star. There is no magnetar in these models. Similar description of the fallback disk
as that of Chatterjee et al. (2000) is adopted in the following calculations. The major difference
1The magnetic dipole field of 4U 0142+61 is about 1.3 × 1014 G. It is only higher than five other magnetars: 1E
2259+586, CXOU J164710.2−455216, and the three low magnetic field magnetars (Olausen & Kaspi 2014). The low
magnetic field magnetars may form a separate problem of magnetar researches (Rea et al. 2010). SGR 1806−20 has
the highest characteristic magnetic field, about 2.5× 1015 G.
2Li (2007) only present a general Monte Carlo simulation. They did not point out which physical parameters in
their simulations result in the very long rotational period.
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is that the normal neutron star is replaced by a magnetar, whose magnetic dipole field can be as
high as 1015G.
The mass accretion rate due to a fallback disk will be a decreasing power law form in the
self-similar solution (Cannizzo et al. 1990; Chatterjee et al. 2000). It is constant during an initial
short time, and decay in a power law form there after:
M˙ = M˙0, 0 < t < T, (1)
= M˙0
(
t
T
)−α
, t ≥ T,
where M˙ is the mass accretion rate (which is actually the mass transfer rate at the outer edge of
the disk), M˙0 is the initial mass accretion rate, T is a typical time scale, α is the power law index,
and t is the age. The initial mass accretion rate is related to the initial disk mass
Md,0 =
α
α− 1
M˙0T, (2)
where Md,0 is the initial disk mass. Compared with Chatterjee et al. (2000), four modifications
are considered:
1. The time scale T is set to be the dynamical time scale in Chatterjee et al. (2000), which is
about 1 millisecond. According to Menou et al. (2001), the time scale may be determined by
the viscous time scale
T ≈ 6.6 × 10−5 yr ≈ 2000 s, (3)
for typical parameters of the disk.
2. The power law index is α = 19/16 for opacity dominated by electron scattering, and α = 1.25
for a Kramers opacity (Cannizzo et al. 1990). Chatterjee et al. (2000) chose α = 7/6. While
during the main life time of the fallback disk, the Kramers opacity may be more relevant
(Francischelli & Wijers 2002; Li 2007) and α should be 1.25.
3. During the early time, the mass accretion rate can be highly super-Eddington. Chatterjee et
al. (2000) used the mass accretion rate without considering the Eddington limit. According
to Yan et al. (2012), the mass accrete at the inner edge of the disk should be limited by the
Eddington accretion rate, which is chosen as M˙Edd = 10
18 g s−1 in the following calculations.
Denote the time when the mass accretion rate equals the Eddington accretion rate as teq, the
mass accretion rate at the inner edge of the disk is:
M˙acc = M˙Edd, 0 < t < teq, (4)
= M˙Edd
(
t
teq
)−α
, t ≥ teq.
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This mass accretion rate M˙acc determines the interaction between the fallback disk and the
neutron star. Since teq is always larger than T , it is
teq = T
(
M˙0
M˙Edd
)1/α
. (5)
For a chosen time scale T , the mass accretion rate M˙acc is determined by the initial disk mass,
which may range from 10−6M⊙ to 0.1M⊙ (Michel 1988; Chevalier 1989; Wang et al. 2006;
Perna et al. 2014).
4. In the case of a high magnetic field, the scattering cross section between electrons and photons
may be significantly suppressed (Paczynski 1992). The corresponding critical luminosity and
accretion rate for an accreting magnetar can be 102 to 104 times higher than the traditional
non-magnetic case (Tong 2015; Mushtukov et al. 2015). However, the following calculations
is not affected by a different value of critical accretion rate. For a higher critical accretion
rate, the timescale teq will be smaller. The mass accretion rate at later time will be the same,
as can be seen by substituting eq.(5) to the second line of eq.(4). The numerical calculation
is also consistent with this analysis. Therefore, this degree of freedom can be neglected.
The rotational evolution of the neutron star is determined by the interaction between the
accretion flow and neutron star’s magnetosphere
IΩ˙ = N, (6)
where I is the neutron star moment of inertia, set to be 1045 g cm2, Ω is the angular velocity of
the neutron star, and N is the torque. When the magnetospheric radius3 is larger than the light
cylinder radius4, the neutron star will be unaffected by the fallback disk. In this ejector phase, the
magnetar will be a normal magnetar. The torque in this case can be approximated by the magnetic
dipole braking
Nd = −
2µ2Ω3
3c3
, (7)
where µ is the magnetic dipole moment, and c is the speed of light. The magnetic dipole moment
is determined by the neutron star surface magnetic dipole field and radius: µ = BR3. When
the magnetospheric radius is smaller than the light cylinder radius but larger than the corotation
radius5, the neutron star is in the propeller phase (Illarionov & Sunyaev 1975). In the propeller
3The radius where the magnetic energy density of the neutron star equals the kinetic energy density of the accretion
flow (Shapiro & Teukolsky 1983; Lai 2014): Rm = (µ
4/2GMM˙2acc)
1/7, where G is the gravitational constant, and M
is the neutron star mass, set to be 1.4M⊙.
4The radius where the corotational velocity equals the speed of light: Rlc = Pc/2pi, where P is the rotational
period of the neutron star.
5The radius where the local Keplerian velocity is equal to the corotational velocity: Rco = (GM/4pi
2)1/3P 2/3.
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phase, the neutron star will lose angular momentum by pushing away the accreted matter. When
the magnetospheric radius is smaller than corotation radius, the accretion flow can fall onto the
neutron star. In this accretion phase, the neutron star will gain angular momentum. A unified
torque for both the accretion phase and the propeller phase is (Menou et al. 1999; Chatterjee et
al. 2000)
Nprop = 2M˙accR
2
mΩK(Rm)
(
1−
Ω
ΩK(Rm)
)
, (8)
where ΩK(r) = (GM/r
3)1/2 is the Keplerian angular velocity. In the propeller phase, the spin-down
torque is proportitonal to ∝ −Ω. This will result in an exponential increase of the rotational period.
Therefore, in principle, a very long rotational period of a young neutron star is possible. For a
typical initial disk mass of 10−5M⊙, the magnetic field evolution due to accretion is not significant.
The magnetic field is assumed to be constant in the following calculations.
2.2. Calculations for typical magnetar parameters
The magnetic dipole field of magnetars can be in the range 1014G−1015G. The birth period of
magnetars were thought to be much smaller than that of normal pulsars, about several milliseconds
(Duncan & Thompson 1992; Vink & Kuiper 2006). The passive disk around magnetar 4U 0142+61
has a mass of 3 × 10−5M⊙, and the disk mass is not expected to vary significantly after its birth
(Wang et al. 2006). Therefore, a magnetic field of 1015G, an initial rotational period of 5ms,
and an initial fallback disk mass of 10−5M⊙ are chosen as typical parameters of a magnetar. Its
rotational evolution is shown in figure 1. The calculation is stopped at 2×104 yr, which may be the
typical active life time of a fallback disk (Menou et al. 2001; Li 2007). The magnetar will firstly be
spun-down by the magnetic dipole radiation. In the magnetic dipole braking domain, P 2 − P 20 ∝ t
(eq. (5.18) in Lyne & Grahm-Smith 2012; Tong 2016), where P0 is the initial rotational period,
and P is the period at age t. During the early stage when t is small, P is approximately P0, i.e.
the rotational period is almost constant. Later when t is large or equivalently P0 is much smaller
than the P at t, the rotational period will increase with time as ∝ t1/2. The numerical calculation
also confirms this point.
When the magnetar has been spun-down significantly, it will enter the propeller phase. During
the propeller phase, the rotational period increase with time very quickly. After the propeller phase,
the magnetar tends to be in rotational equilibrium with the fallback disk. According to eq. (8),
the equilibrium angular velocity is Ω = ΩK(Rm) (Fu & Li 2013). In terms of rotational period:
Peq = 2pi
(
R3m
GM
)1/2
= 915B
6/7
15 M˙
−3/7
acc,17 s, (9)
where B15 is the magnetic dipole field in units of 10
15G, and M˙acc,17 is the mass accretion rate in
units of 1017 g s−1. For accretion from a fallback disk, the mass accretion rate will decrease with
time: M˙acc ∝ t
−α. Therefore, the equilibrium period will increase with time: Peq ∝ t
3α/7. From
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figure 1 it can be seen that: when the disk mass is larger, the final equilibrium period will be
smaller due to a higher mass accretion rate. For a disk mass of 10−2M⊙, when the magnetar enters
rotational equilibrium with the fallback disk, the mass accretion rate is still in the constant phase
(see eq.(4)). Therefore, there will be a plateau in the rotational period as a function of time. For a
disk mass of 10−6M⊙, the mass accretion rate will be so low that the disk will never enter the light
cylinder. The magnegtar is unaffected by the fallback disk and will be a normal magnetar. This
may correspond to the majority of magnetars, i.e. they have no or negligible fallback accretion.
The rotational evolution of magnetars for different magnetic dipole field is shown in figure
2. The initial rotational period is chosen as 5ms, the initial disk mass 10−5M⊙. From figure 2,
when the magnetic dipole field is large, the magnetar can be significantly spun-down during the
dipole braking stage. It will enter the propeller stage and be spun-down very quickly later. This
may correspond to the super-slow magnetar in RCW 103. When the surface dipole field is lower
than several times of 1014G, the magnetar can not be significantly spun-down and will always be
in the ejector phase. In this case, the fallback disk may be seen when illuminated by the central
magnetar. Observationally, two magnetars 4U 0142+61 and 1E 2259+586 may have fallback disks
(Wang et al. 2006; Kaplan et al. 2009). Timing observations of these two magnetars showed that
their surface dipole field are both around or smaller than 1014G, depending on the assumed braking
mechanism (Tong et al. 2013; Olausen & Kaspi 2014). The two observed magnetar/fallback disk
systems are consistent with the calculations here6. Therefore, when the disk mass is substantial,
the system can be seen either as a normal magnetar/fallback disk system or a super-slow magnetar,
depending on the magnetic dipole field. The three different kinds of magnetars can be understand
together in the magnetar/fallback disk system.
Previously, a long initial period is required when considering the fallback disk accreting mag-
netar model (De Luca et al. 2006; Li 2007). The rotational evolution of magnetars for different
initial rotational period is shown in figure 3. The magnetic dipole field is chosen as 1015G, and
fallback disk mass 10−5M⊙. Figure 3 shows that the information of initial rotational period are
lost even during the magnetic dipole braking stage, and the later evolution are insensitive to the
choice of initial rotational period.
2.3. Calculation for the super-slow magnetar in RCW 103
The CCO inside the supernova remnant RCW 103 is identified as a magnetar (D’Ai et al. 2016;
Rea et al. 2016). The supernova remnant age is about 2 kyr (De Luca et al. 2006). The 2.4× 104 s
period is probably the magnetar’s rotational period (De Luca et al. 2006; Esposito et al. 2011;
D’Ai et al. 2016; Rea et al. 2016). From the above calculations, especially figure 2, this super-slow
6The discrepancy between the supernova remnant age and the characteristic age of magnetar 1E 2259+586 may
involve additional processes (Rogers & Safi-Harb 2016).
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Fig. 1.— Rotational evolution of magnetars for different masses of the fallback disk. The solid,
dashed, dot-dashed, and dotted lines are for an initial disk mass of 10−5M⊙, 10
−4M⊙, 10
−3M⊙,
10−2M⊙, respectively. The red solid line is for an initial disk mass of 10
−6M⊙. The different lines
are coincide with each other at the early stage. The blue square is for the superslow magnetar in
RCW 103. It is shown for comparison use only. Dedicated calculation for this source is shown in
the next section.
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Fig. 2.— Rotational evolution of magnetars in the presence of a fallback disk for different magnetic
dipole field. The black solid, dashed, and dot-dashed lines are for magnetic dipole field of 1015G,
5 × 1015G, 1016G, respectively. The red solid, and dashed lines are for magnetic dipole field of
1014G, 5×1014G, respectively. The two red squares are the observations of magnetars 4U 0142+61
(right) and 1E 2259+586 (left), respectively.
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Fig. 3.— Rotational evolution of magnetars in the presence of a fallback disk for different initial
rotational period. The dashed, solid, dot-dashed, and dotted lines are for initial rotational period
of 1ms, 5ms, 10ms, 50ms, respectively.
magnetar may have a very high magnetic dipole field. Figure 4 shows the rotational evolution of
a high magnetic field magnetar with different fallback disk masses. The magnetic dipole field is
chosen as 4 × 1015G, and an initial rotational period of 5ms. For an initial fallback disk mass
around 10−5M⊙, the magnetar can be significantly spun-down in less than 2 kyr.
From eq.(9), if the fallback disk around the super-slow magnetar is still active, then a large
period derivative is expected: P˙ = 3α/7×P/t ≈ 2× 10−7. However, the observational upper limit
on the period derivative is |P˙ | < 1.6 × 10−9 (Esposito et al. 2011). This may because the fallback
disk have become neutralised and inactive. The typical life time of a fallback disk is about several
thousands of years (Menou et al. 2001). It is possible that the fallback disk around the super-slow
magnetar in RCW 103 has already become inactive at an age of 2 kyr. The magnetar is now spun-
down by magnetic dipole braking. The expected period derivative is about 10−12. It is consistent
with present upper limits. It also means that the persistent X-ray luminosity and outburst of the
super-slow magnetar originate from the magnetic energy. The outburst of the super-slow magnetar
indeed resemble those of typical magnetars (Rea & Esposito 2011; D’Ai et al. 2016; Rea et al.
2016). Though the disk activity has faded away, the magnetic dipole field is not expected to decay
significantly in 2 kyr (Vigano et al. 2013). At present, the magnetar SGR 1806−20 has the highest
characteristic magnetic field, about 2.5×1015G (Tong 2013; Olausen & Kaspi 2014). The expected
magnetic dipole field of the super-slow magnetar should be around 4 × 1015G. A little bit higher
than that of magnetar SGR 1806−20. In the above scenario, the X-ray emissions of the super-slow
magnetar originate from the magnetic energy. Therefore, previous spectral models for magnetars
may also be applied to this source (Weng et al. 2015). If future spectra modeling can give some
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information about the magnetic dipole field of this super-slow magnetar, the model presented here
can be tested.
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Fig. 4.— Rotational evolution of a high magnetic field magnetar (B = 4× 1015G) in the presence
of a fallback disk. The blue square is the superslow magnetar in RCW 103. The dashed, solid, and
dot-dashed lines are for an initial fallback disk mass of 0.5× 10−5M⊙, 10
−5M⊙, and 5× 10
−5M⊙,
respectively.
2.4. Accretion induced magnetic field decay
After the supernova explosion, there may be a hypercritical accretion phase. The initial mag-
netic field may be buried by the accreted matter. This may account for the existence of normal
radio pulsars and radio quiet pulsars (for example CCOs) (Geppert et al. 1999; Geppert 2009;
Vigano & Pons 2012). However, the magnetar’s high magnetic field and rapid rotation can prevent
accretion onto the central neutron star, even when the accretion is hypercritical (Geppert 2009).
For neutron stars in X-ray binaries, an empirical relation for the accretion induced magnetic field
decay is: B = B0/(1 + ∆M/10
−4M⊙) (Shibazaki et al. 1989; Zhang & Kojima 2006), where B
and B0 are the reduced magnetic field after accretion and the initial magnetic field, respectively,
and ∆M is the accreted mass. For a typical disk mass of 10−5M⊙, the disk mass itself is relatively
small. Furthermore, from figure 1, at the ejector phase and propeller phase, most of the accreted
matter can not fall onto the neutron star. Similarly, for a disk mass of 10−2M⊙, most of the disk
mass can not fall onto the neutron star. According to this empirical relation, the evolution of the
magnetar magnetic field is negligible in the case of a fallback disk. Therefore, the assumption of a
constant magnetic field for a magnetar in the presence of a fallback disk is reasonable.
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2.5. Different propeller torques
In the above calculations, the accretion torque is adopted from Menou et al. (1999) and
Chatterjee et al. (2000), see eq. (8). It is an educated guess containing the spin-up torque and the
propeller torque. When the accretion torque vanishes, it corresponds to accretion equilibrium. A
more general form of accretion torque can be written as:
Nprop ∝ M˙accR
2
mΩK(Rm)
(
1−
(
Ω
ΩK(Rm)
)χ)
, (10)
where χ is a free parameter. Different values of χ correspond to different propeller torques. When
χ = 1, it corresponds to the torque of Menou et al. (1999) and Chatterjee et al. (2000). When
χ = 2, it corresponds to the torque of Benli & Ertan (2016). When χ = 1/2 it corresponds to the
torque of Liu et al. (2014). χ can also have other values (Francischelli & Wijers 2002; Ghosh 1995;
Ertan et al. 2007). Irrespective of the exact value of χ, in accretion equilibrium, the rotational
period is always given by the equilibrium period, see eq.(9). The predicted period derivative is
also the same, if the fallback disk is still active. According to eq.(9), the super-slow magnetar in
RCW 103 should be a high magnetic field magnetar with an active fallback disk in the past. A
high magnetic field ensures a large equilibrium period. The fallback disk has now becomes inactive.
This will result in a small period derivative. This conclusion is rather independent of the exact
form of accretion torques. It only requires that the magnetospheric radius is equal to the corotation
radius during accretion equilibrium (Lai 2014).
The central neutron star is spun-down quickly during the propeller phase before entering
accretion equilibrium. The above calculations are for the case of χ = 1. In the propeller phase,
Ω/ΩK(Rm) > 1. Therefore, for χ > 1 (e.g. Benli & Ertan 2016), the propeller spin-down is
more efficient than that of χ = 1 (Menou et al. 1999). The neutron star will enter into accretion
equilibrium earlier. For χ < 1 (e.g. Liu et al. 2014), the propeller spin-down is less efficient than
that of χ = 1. The neutron star will enter into accretion equilibrium a little bit later. Numerical
calculations show that there is only marginal difference in the propeller phase for the three different
torques, consistent with the above qualitative analysis. During the ejector phase and accretion
equilibrium phase, the results are the same for the three different torques (Menou et al. 1999; Liu
et al. 2014; Benli & Ertan 2016).
3. Discussion and conclusion
For a normal neutron star/fallback disk system, the neutron star will first enter the accre-
tor/propeller phase. Then it will enter the ejector phase or acquire rotational equilibrium with the
fallback disk (Chatterjee et al. 2000; Yan et al. 2012; Fu & Li 2013; Benli & Ertan 2016). From
the above calculations for a magnetar/fallback disk system, the magnetar will be first in the ejector
phase. After it has been significantly spun-down, it may enter the propeller phase and then acquire
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rotational equilibrium with the fallback disk. This is the difference between a magnetar/fallback
disk system and a normal neutron star/fallback disk system.
Ultra-luminous X-ray pulsar is a neutron star in a binary system whose X-ray luminosity can
be as high as 1040 erg s−1 (Bachetti et al. 2014). The super-Eddington luminosity may be due to
the presence of magnetar strength magnetic field. Ultra-luminous X-ray pulsar may be an accreting
magnetar in a binary system (Tong et al. 2015). Super-slow X-ray pulsars are neutron stars in
binary systems having rotational period longer than 103 s. If they rotate at the equilibrium period
for a given accretion rate, their dipole field can be as high as 1015G (as can be seen in eq.(9)).
Therefore, the accreting magnetar scenario is also employed to explain the super-slow X-ray pulsars
(Popov & Turolla 2012; Wang 2013).
According to the above calculations, the fallback disk can affect the rotational evolution of
the magnetars only when the disk mass is substantial and the magnetic dipole field is very high.
Otherwise, the fallback disk is either negligible or can only be seen as a passive fallback disk. Only
two magnetars has possible fallback disks observed. This may due to the magnetar’s relatively
low magnetospheric activities in the optical/infrared band and high X-ray luminosity (Wang et
al. 2006). At the same time, it can not be excluded that magnetars are formed through peculiar
channels, e.g., binary origin (Clark et al. 2014; Popov 2015) or descendent from Thorne-Zytkow
object (Liu et al. 2015).
In the calculations, typical parameters of magnetars and fallback disks are chosen according
to the current understandings. In the future, if the dipole field of the super-slow magnetar in
RCW 103 is found to be inconsistent with the calculations here, it may imply that our current
understanding of magnetars and/or fallback disks is still not perfect.
In conclusion, for the rotational evolution of magnetars in the presence of a fallback disk, three
different kinds of magnetars can be formed in a unified way:
1. When the disk mass is lower than 10−6M⊙, the magnetar is aways in the ejector phase and
will be a normal magnetar. This may correspond to the majority of magnetars.
2. When the disk mass is substantial, e.g., about 10−5M⊙, and the magnetar dipole field is
relatively low, e.g. about or smaller than 1014G, the magnetar will also be a normal mag-
netar. The fallback disk may be seen when illuminated by the central magnetar. This may
correspond to the two observed magnetars with possible fallback disks (Wang et al. 2006;
Kaplan et al. 2009).
3. When the disk mass is substantial and the magnetic dipole field is very high, e.g., around
4 × 1015G, the magnetar will be significantly spun-down even when it is still young. This
may correspond to the super-slow magnetar in RCW 103 (De Luca et al. 2006; Esposito et
al. 2011; D’Ai et al. 2016; Rea et al. 2016). Future information about its magnetic dipole
field can test this model.
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In addition, the magnetar’s initial rotational period is not important.
Acknowledgments
H.Tong is supported by 973 Program (2015CB857100), Qing Cu Hui of CAS, and NSFC
(U1531137).
REFERENCES
Alpar, M. A. 2001, ApJ, 554, 1245
Bachetti, M., Harrison, F. A., Walton, W. J., et al. 2014, Nature, 514, 202
Beloborodov, A. M. 2009, ApJ, 703, 1044
Benli, O., & Ertan, U. 2016, MNRAS, 457, 4114
Cannizzo, J. K., Lee, H. M., & Goodman, J. 1990, ApJ, 351, 38
Chatterjee, P., Hernquist, L., & Narayan, R. 2000, ApJ, 534, 373
Chevalier, R. A. 1989, ApJ, 346, 847
Clark, J. S., Ritchie, B. W., Najarro, F., et al. 2014, A&A, 565, A90
D’Ai, A., Evans, P. A., Burrows, P. A., et al. 2016, MNRAS, 463, 2394
De Luca, A., Caraveo, P. A., Mereghetti, S., et al. 2006, Science, 313, 814
Dib, R., & Kaspi, V. M. 2014, ApJ, 784, 37
Duncan, R. C., & Thompson, C. 1992, ApJ, 392, L9
Ertan, U., Erkut, M. H., Eski, K. Y., et al. 2007, ApJ, 657, 441
Esposito, P., Turolla, R., De Luca, A., et al. 2011, MNRAS, 418, 170
Fu, L., & Li, X. D. 2013, ApJ, 775, 124
Francischelli, G. J., & Wijers, R. A. M. J. 2002, arXiv:astro-ph/0205212
Geppert, U., Page, D., & Zannias, T. 1999, A&A, 345, 847
Geppert, U. 2009, in W. Becker (ed.), Neutron star and pulsars, ASSL, 357, 319
Ghosh, P. 1995, JApA, 16, 289
– 13 –
Illarionov, A. F., & Sunyaev, R. A. 1975, A&A, 39, 185
Kaplan, D. L., Chakrabarty, D., Wang, Z., et al. 2009, ApJ, 700, 149
Lai, D. 2014, EPJWC, 64, 01001 (arXiv:1402.1903)
Li, X. D. 2007, ApJ, 666, L81
Liu, X. W., Xu, R. X., Qiao, G. J., et al. 2014, RAA, 14, 85
Liu, X. W., Xu, R. X., van den Heuvel, E. P. J., et al. 2015, ApJ, 799, 233
Lyne, A. G., & Graham-Smith, F. 2012, Pulsar astronomy (4th ed.), Cambridge University Press,
Cambridge
Menou, K., Esin, A. N., Narayan, R., et al. 1999, ApJ, 520, 276
Menou, K., Perna, R., & Hernquist, L. 2001, ApJ, 559, 1032
Michel, F. C. 1988, Nature, 333, 644
Mushtukov, A. A., Suleimanov, V. F., Tsygankov, S. S., et al. 2015, MNRAS, 454, 2539
Olausen, S. A., & Kaspi, V. M. 2014, ApJS, 212, 6
Paczynski, B. 1992, ACTA ASTRONOMICA, 42, 145
Perna, R., Duffell, P., Cantiello, M., et al. 2014, ApJ, 781, 119
Popov, S. B., & Turolla, R. 2012, MNRAS, 421, L127
Popov, S. B. 2015, arXiv:1507.08192
Rea, N., Esposito, P., Turolla, R., et al. 2010, Science, 330, 944
Rea, N., & Esposito, P. 2011, Astrophysics and Space Science Proceedings, 21, 247
(arXiv:1101.4472)
Rea, N., Borehese, A., Esposito, P., et al. 2016, ApJ, 828, L13
Rogers, A., & Safi-Harb, S. 2016, MNRAS, in press (arXiv:1610.04685)
Shapiro, S. L., & Teukolsky S. A. 1983, Black holes, white dwarfs, and neutron stars, John Wiley
& Sons, New York
Shibazaki, N., Murakami, T., Shaham, J., et al. 1989, Nature, 342, 656
Tong, H., Xu, R. X., Song, L. M., & Qiao, G. J. 2013, ApJ, 768,144
Tong, H. 2015, RAA, 15, 517
– 14 –
Tong, H. 2016, SCPMA, 59, 5752 (arXiv:1506.04605)
Vigano, D., & Pons, J. A. 2012, MNRAS, 425, 2487
Vigano, D., Rea, N., Pons, J. A., et al. 2013, MNRAS, 434, 123
Vink, J., & Kuiper, L. 2006, MNRAS, 370, L14
Wang, W. 2013, Proceeding of IAUS, 291, 203 (arXiv:1211.5214)
Wang, Z., Chakrabarty, D., & Kaplan, D. L. 2006, Nature, 440, 772
Weng, S. S., Gogus, E., Guver, T., & Lin, L. 2015, ApJ, 805, 81
Yan, T., Perna, R., & Soria, R. 2012, MNRAS, 423, 2451
Zhang, C. M., & Kojima, Y. 2006, MNRAS, 366, 137
This preprint was prepared with the AAS LATEX macros v5.2.
